Lead is a commonly encountered metal that may have toxic effects upon inhalation or ingestion. In recent times, the removal of lead from gasoline and paint products has lowered the risk of exposure for the general public, but concern remains regarding certain environmentally or occupationally exposed groups. Blood lead monitoring is normally applied to workers who are routinely exposed to lead. This technique, however, reflects only recent exposure, since the half-life of lead in blood is approximately 30 days (1) . Bone lead measurements, on the other hand, are more indicative of cumulative exposure history. With more than 90% of absorbed lead accumulating in bone (2) , such measurements are critical to the understanding of both individual exposure histories and, more generally, lead kinetics within the body.
X-ray fluorescence is a noninvasive method of bone lead determination that relies on the excitation of characteristic lead X-rays (3) . The introduction of 109Cd as an excitation source, with 88 keV photons emitted from approximately 4% of its decays, has brought improved precision to bone lead quantitation (4) . Systems incorporating this source have the additional advantages of self-normalization (yielding results in terms of the mass of lead present per unit mass of bone mineral) and insensitivity to variations in source to sample distance and overlying tissue thickness (5) . The X-ray fluorescence apparatus used in this particular study incorporated various improvements in design, as detailed by Gordon et al. (6) .
We examined a population consisting of both active and retired workers from a lead smelter. This site is operated by Brunswick Mining & Smelting, and is located in the province of New Brunswick, Canada. The plant has operated since 1966, and workers' whole blood lead measurements have been compiled by the smelter since 1968. Bone lead readings were performed on smelter employees during the months of May and June of 1994.
In previous studies of retired workers, a positive correlation has been observed between current whole blood lead and bone lead (7, 8) . These results imply that the release of lead from bone is a dominant source of retired workers' exposure. That such a strong correlation has not been evident among active workers suggests that endogenous exposure, while perhaps still present, is being overwhelmed by exogenous lead supply (inhaled or ingested lead). A 10-month strike at the smelter (from July 1990 to May 1991) provided an opportunity to test this hypothesis.
Following the resumption of work duties, blood lead readings were performed on all employees. These results and the subsequent 1994 bone lead measurements were examined to gauge the intensity of endogenous lead exposure for a typical smelter worker. The unique advantages of this survey lie in the large sample of workers involved and that these individuals would have been active smelter employees but for the disruption of labor. The latter point addresses the potential objection to results obtained from retired workers-that the endogenous exposures observed were partially a consequence of age-related bone store releases, and therefore were not applicable to the population in general. A smaller sample of retired Brunswick workers was also included in a similar analysis of endogenous lead contribution to total exposure.
A strong positive correlation has been noted in lead industry workers between bone lead concentrations at various bone sites (9, 10) . This study will examine bone lead levels for the tibia and calcaneus. The tibia is representative of compact, cortical bone, which makes up approximately 80% of skeletal mass. Of five skeletal sites investigated by Wittmers et al. (11) , the tibia was deemed to be most representative of total skeletal lead burden. The calcaneus is predominandy trabecular bone, and would therefore be expected to exhibit a somewhat different pattern of lead metabolism (8) .
Bone lead results were compared to a cumulative blood lead index (CBLI) in an attempt to derive a relation between these two long-term exposure markers (12, 13 (14) . A high purity germanium detector was utilized to record the spectral distribution resulting from the 109Cd photon interactions in the body.
The three major components of the spectrum result from Compton scattering (with the geometry employed, E. = 66.5 keV), elastic scattering (E = 88.0 keV), and the characteristic lead KTX-ray peaks of various energies. These fluorescent peaks were fit by a Marquardt nonlinear routine, with the widths set equal to that of the elastic scatter peak. Characteristic X-ray peak to coherent peak ratios were calibrated against the same ratios determined from bone phantoms doped with known amounts of lead (5). The end product was a bone lead concentration from each worker's tibia and calcaneus, determined in units of microgram of lead per gram of bone mineral.
Following the strike, blood lead measurements were performed by smelter personnel on all workers, in most cases immediately upon an individual's return to work. To screen out workers whose blood leads were not reflective of mostly endogenous and background lead exposures, it was required that a blood lead reading for inclusion in this component of the study be carried out within 5 working days of the resumption of employment. In total, this resulted in a sample size of 204 employees.
The bone lead values of these 204 workers were derived from the X-ray fluorescence measurements of 1994. A correction to this data was implemented to account for the slight increase in bone lead that would have occurred over the 3 years between the return to work and the bone lead readings. The magnitude of this correction was generated from the average rates of increase of bone lead concentration per year per unit blood lead concentration for the smelter workers. These constants for the tibia and calcaneus bone sites will be introduced below.
The time between whole blood lead measurements at Brunswick varies depending on the exposure history of each employee, but the sampling frequency generally ranges from once per month to once per year. A CBLI 50 tMliraMMBER e.
was constructed for each of the workers using the blood lead data provided by the smelter. Such an index is an integration of blood lead levels over a worker's employment time, and therefore provides a good approximation of the total exposure to lead (15 A linear regression was also applied to a comparison of workers' calcaneus and tibia bone lead levels. In such a relation, the tibia lead data is normally designated as the independent variable. This treatment is appropriate because a typical tibia lead measurement has more precision (-± 5 pg/g) than a calcaneus reading (-± 8 jig/g).
In addition, tibia lead concentration is a more stable parameter over time because the calcaneus is more metabolically active. The complete set of results for current workers is illustrated in Figure 2A When tibia lead levels of occupationally exposed individuals are plotted against CBLI values, a linear relationship has been found to prevail over a variety of studies. These results, and those derived from measurements at other bone sites of interest, are summarized in Table 1 . To derive a linear relation between the long-term indices of bone lead and CBLI, two complicating factors must be assumed negligible. The first is the common assumption that the blood lead contribution from bone is relatively small for workers subjected to heavy exogenous exposures. This assumption is a reasonable one for the smelter population, particularly for the tibia data, because the half-life of lead in predominantly cortical Articles * Accumulated body burden and release of lead bones (such as the tibia) is significantly longer than that in trabecular bones (8 Entering the calcaneus lead data as a function of CBLI produced a more steeply rising slope, as shown in Figure 3B :
[n = 367;r2= 0.77;p<0.001]. (18, and from other occupationally exposed populations (see Table  1 ). A similar analysis may be applied to the subset of retired smelter workers. For the tibia lead-CBLI comparison (Fig. 4A) , the best fit relation was determined as T= (0.0700 ± 0.0216)CBLI-(17 ± 26) [n = 14;r2= 0.47;p<0.01].
In turn, the calcaneus lead data as a function of CBLI( Although retired workers demonstrate larger bone lead-CBLI slopes than active workers, the differences between the two populations are not statisticaly significant. Figure 5 shows the mean blood lead levels from 1968 to 1995 of workers participating in the current study. There is a general decline in blood lead level over time, with the most marked decrease observed after about 1977. This dedine in lead exposure was attributed to changes made at the smelter just prior to 1977 regarding working conditions, hygiene, and safety regula- tions. The nonlinearities observed in Figure  3 (active workers) suggest differences in lead uptake among the smelter employees. Given Revised CBLI (year x _g/dl) bone lead stores on exposure during times of elevated bone turnover, such as pregnancy, lactation, and following menopause (24, 25) . The contribution from bonereleased lead is particularly significant for retired workers of lead-related industries. The present study indicates that the relation between blood lead and tibia lead for workers who have been removed from their occupational lead exposure may be characterized by a linear relation of slope 0.136 ± 0.014. This result is consistent with analogous studies involving retired workers from a lead smelter in Sweden and two lead acid battery factories in Finland: BPb= 0.133T+ 5.3 [n = 30;r2= 0.25;p<0.01]; and BPb= 0. 138T+ 7.7 [n = 16;r2 = 0.59;p<0.001] (7, 8) . When the blood lead levels of returning Brunswick workers were plotted against calcaneus lead concentrations, a more shallow slope of 0.0776 ± 0.0074 was derived. Again, this value is much the same as those determined from the European research: Therefore, it seems that the contribution to blood lead from bone stores at any instant in time is similar for all occupationally exposed populations, regardless of whether active or retired workers are considered. The implication is that, at least for the samples examined to date, age-related variations in bone turnover are not a dominant factor in the endogenous exposure of male lead workers. The circumstances that allowed this analysis to be performed on such a large population of active lead industry employees are not likely to prevail again in the near future. This may therefore represent the most precise currently feasible statement of the bone lead-endogenous lead exposure relation.
The y-intercept values, which essentially indicate the expected blood lead levels in the absence of any bone lead stores, are higher in the current study-at 13.6 ± 0.8 pg/dl and 13.6 ± 0.7 pg/dl. Although uncertainties in the y-intercepts are not provided in the European studies, the consistency of their results, together with the small uncertainties in our data, suggest that this offset is significant. This may be representative of a higher background exposure to lead for the Brunswick workers relative to their Scandinavian counterparts. Alternatively, this elevation may be an artifact of the inclusion of some workers in the study whose blood lead samples were not taken immediately upon their return to work. However, when the sample was limited to those workers whose blood lead levels were recorded on the day of their return, the results were unchanged within uncertainty limits.
As a final check for the link between bone lead and endogenous exposure, the slopes and intercepts of linear fits to plots of blood lead against bone lead were derived for the 14 participating retired workers. For the tibia as the bone site of inspection, the slope was found to be 0.162 ± 0.051 and the y-intercept was 6.1 ± 3.6 pg/dl. The and an intercept of 0.6 ± 2.2 lig/g describing the active workers'-calcaneus lead against tibia lead regression. The small population of retired workers provided similar results; the slope was determined to be 1.70 ± 0.29 and the y-intercept was 16.7 ± 20.7 j'g/g. The fact that calcaneus lead concentrations tend to be elevated relative to those of tibia lead indicates the absorption is more rapid at this particular bone site. This result is characteristic of both the greater volume of blood delivered per unit time to trabecular bone and its more rapid metabolic turnover. Comparisons of bone lead concentration at these two sites have been performed for various other occupationally exposed populationslin the past. With tibia lead concentration ireated as the independent variable, slopes have ranged from 1.17 (10) to 2.50 (9) , with y-intercepts extending from -14.7 ,ug/g (9) to 48.0 pg/g (8) . Although a fair range of results are represented in the literature, the Brunswick relation is certainly consistent in suggesting how much the calcaneus lead concentration will typically exceed that of the tibia in a given exposed worker.
Accumulated lead body burden. The bone lead-CBLI relations derived from a small sample of former Brunswick employees were suggestive of a different slope relative to active workers. The results from these retired individuals were similar to those from active workers hired before the year 1977. These trends, however, were not significant statistically. A sample size of n = approximately 100 retired smelter workers would be required to substantiate these findings. It is interesting to note that Erkkila et al. (7) also identified higher bone lead-CBLI slopes among a group of retired lead battery workers.
Workers hired during the initial years of smelter operation were found to have been exposed to higher levels of lead. It was speculated that the nonlinear nature of the active worker bone lead-CBLI plots could be a consequence of employment history. The possibility that the uptake of lead per unit exposure can vary in occupationally exposed individuals was probed by dividing the Brunswick workers by time of hire.
The relation between bone lead and the CBLI for lead industry workers is normally assumed to be of a linear nature. The application of linear regressions to the two subsets of Brunswick workers (those hired before 1977 and those hired more recently) revealed distinctly different relations between bone lead and CBLI. This difference emerged regardless of whether the occupational CBLI was entered as the independent variable, or whether a more rigorous lifetime CBLI was introduced. Greater bone lead to CBLI ratios were identified for those workers who were hired early in the smelter's operation. These workers were more heavily exposed during their initial years of employment, exhibited the highest instantaneous blood leads, and tend to possess the greatest CBLI values. Therefore, the present study represents the first time that distinctly nonlinear components have been seen in a bone lead-CBLI comparison. The implication is that lead transfer from whole blood to bone tissue has varied in this population.
Explaining the variation in transfer. The mechanism by which lead has been transferred more efficiently into the bone of the early workers remains undear. The possibility that age is a factor in lead kinetics has been suggested by at least two X-ray fluorescence studies of environmentally exposed populations (21, 22) . Specifically, males of age 55 or greater were identified as demonstrating more extreme tibia lead-age slopes than their younger cohorts (21 Blood lead level and saturation of red cell binding. There has been much speculation regarding the existence of a saturation level for lead binding in red blood cells. Models of lead kinetics normally assume the transport of lead throughout the body to be governed by the plasma component of whole blood (26) (27) (28) . At elevated blood lead levels, a distinctly nonlinear relation between serum lead and blood lead has been observed (29) (30) (31) , suggesting a gradual saturation of binding sites in red blood cells beyond which more lead becomes biologically available. This mechanism is consistent with the results of the present study. Early smelter workers exhibited relatively high blood lead levels and may have frequently surpassed such a saturation point. This would cause a higher proportion of the lead in whole blood to reside in the plasma component, resulting in a more efficient transfer of lead from whole blood to bone tissue. Workers hired more recently would be more likely to have spent their careers at the smelter with blood lead levels below the saturation point. The difference observed in slope between the two hiring groups would then be a consequence of the analysis of two distinct portions of a continuous, nonlinear relation between bone lead uptake and cumulative lead exposure.
Endogenous/exogenous sources of lead and partitioning. Recently, an alternative hypothesis regarding lead kinetics has been proposed (10) . Blood, serum, and bone lead measurements from a population of battery recycling workers pointed to a differential partitioning of lead between plasma and blood, depending upon whether the source of exposure was endogenous or exogenous. Endogenous exposures appeared to favor the plasma compartment more strongly than did exogenous sources. This interpretation would also be capable of explaining the Brunswick results. Those workers who have been employed for the longest periods of time generally have higher bone lead levels as a result of both their time of service and their initial levels of exposure. They are therefore subject to higher endogenous exposures (lead returning to the bloodstream from bone) than those workers hired more recently. Consequently, under the differential partitioning scenario, a greater proportion of the lead in the early workers' blood would be biologically available for redistribution in the body.
In any case, the significant result remains: bone lead-CBLI relations show a more efficient transfer of lead to bone for those workers who have experienced the most extreme cumulative exposures. With bone lead acting as an indicator of overall body burden, the apparent variation in blood-bone transfer emphasizes the importance of the smelter's safety initiatives ofthe mid-1970s.
A secondary question that arises in light of this result is why similar nonlinear findings have not been apparent in previous investigations of lead industry workers. There are a number of factors that could conceivably differentiate this study from those it followed. Differences deal mainly with the quality of the data set available from the Brunswick survey. A total of 280 of the 367 participating active workers had complete blood lead records, dating to within one month of their initial hire. This represents 76% of the population and suggests that extrapolation was not an important feature for the majority of CBLI estimations. For those workers who did require an extrapolation, the application of a routine, taking into account the temporal trend in their personal blood lead records, should have produced more accurate results than would an alternative approach. The large sample of workers involved, representing a wide distribution of CBLI and bone lead readings, is a further advantage. As a final note, the use of a revised X-ray fluorescence system (6) for these bone lead measurements resulted in the collection of a more precise data set than would have been previously possible.
From a broad perspective, it appears possible that at least some of the variation in bone lead-CBLI slopes exhibited between studies is a result of differences in lead exposure intensity. It is interesting to note that the largest tibia lead-CBLI slope results have been derived from those populations who have displayed the highest blood leads and CBLIs (See Table 1 ): smelter workers in Belgium (15) and retired Finnish battery plant employees (7) .
The lowest slopes have been observed from those workers with more moderate exposures: smelter workers in Sweden (8) and active Finnish battery plant workers (7) .
As a gauge of long-term body burden, elevated bone lead readings are a cause for some concern. It will be interesting to see if a similar nonlinear relation is evident in future bone lead-CBLI results. The investigation of serum lead levels, in tandem with such a study, would help clarify the important kinetic modeling question of whether a saturation of lead binding sites occurs in red blood cells. Regardless of the mechanism, it remains significant that as a consequence of changing exposure conditions, individuals who have been working for the longest periods of time have also experienced an accelerated accumulation of lead body burden.
